Fruitless and Doublesex Coordinate to Generate Male-Specific Neurons that Can Initiate Courtship  by Kimura, Ken-ichi et al.
Neuron
ArticleFruitless and Doublesex Coordinate to Generate
Male-Specific Neurons that Can Initiate Courtship
Ken-ichi Kimura,1,* Tomoaki Hachiya,1 Masayuki Koganezawa,2 Tatsunori Tazawa,1 and Daisuke Yamamoto2
1Laboratory of Biology, Iwamizawa Campus, Hokkaido University of Education, Iwamizawa 068-8642, Japan
2Graduate School of Life Sciences, Tohoku University, Sendai 980-8578, Japan
*Correspondence: kimura@iwa.hokkyodai.ac.jp
DOI 10.1016/j.neuron.2008.06.007SUMMARY
Biologists postulate that sexual dimorphism in the
brain underlies gender differences in behavior, yet di-
rect evidence for this has been sparse. We identified
a male-specific, fruitless (fru)/doublesex (dsx)-coex-
pressing neuronal cluster, P1, inDrosophila. The arti-
ficial induction of a P1 clone in females effectively
provokes male-typical behavior in such females
evenwhen the other parts of the brain are notmascu-
linized. P1, located in the dorsal posterior brain near
themushroombody, is composedof 20 interneurons,
each of which has a primary transversal neurite with
extensive ramifications in the bilateral protocere-
brum. P1 is fated to die in females through the action
of a feminizing protein, DsxF. Amasculinizing protein
Fru is required in the male brain for correct position-
ing of the terminals of P1 neurites. Thus, the coordi-
nated actions of two sex determination genes, dsx
and fru, confer the unique ability to initiate male-
typical sexual behavior on P1 neurons.
INTRODUCTION
The animals that engage in sexual reproduction typically exhibit
conspicuous gender differences in a variety of behaviors, includ-
ing mating behavior itself. Such gender specificity in behavior is
believed to derive from a sexual dimorphism in neural mecha-
nisms underlying behavior, although a causal link between the
neural sexual dimorphism and behavioral gender difference
has been firmly demonstrated only in limited cases (for review
see Bocklandt and Vilain, 2007). The studies of mating behavior
in gynandromorphic Drosophila represent one of the few excep-
tional examples in which the sex of particular neural structures
has been successfully correlated to a gender-typed behavior
(Hall, 1979; Tompkins and Hall, 1983).
In Drosophila melanogaster, a male displays a series of com-
plex stereotypic acts in courting a female (Hall, 1994; Yamamoto
et al., 1997). After orienting his body axis toward a target female,
the male fly commences to chase her (following) while vibrating
only one of two wings at a time (singing). This unilateral wing vi-
bration generates species-specific sounds known as love songs,
which exert an aphrodisiac effect on a female, who otherwise
takes actions to escape from the courting male. In response tothe love songs, the female slows down locomotion and occa-
sionally stops her motion, allowing the male to lick her genitalia
(licking) and attempt to mount her (attempted copulation).
When the female is fully receptive, she opens her wings and vag-
inal plates, two critical actions that make it physically possible for
a male to copulate with her. During copulation, the male remains
mounted on the female for about 20 min, after which he releases
the genital contact. Hall (1979) demonstrated that if a gynandro-
morphic fly has male tissue on one side of the dorsal posterior
brain, it initiates male courtship behavior with a high probability
when paired with a female. However, these gynandromorphic
flies did not proceed beyond the step of wing vibration in court-
ship. To perform the late steps of male-type courtship behavior,
such as licking, attempted copulation, and copulation, gynan-
dromorphic flies require additional male tissues in other areas
of the brain (Hall, 1979). A subsequent gynandromorph study
identified a brain site that governs the female receptivity to
copulation (Tompkins and Hall, 1983).
About 15 years later, the Gal4-UAS targeted gene expression
system was used to sexually transform parts of the male brain
with a feminizing factor known as transformer (tra), in an attempt
to identify the anatomical foci crucial for male courtship (Ferveur
et al., 1995; Yang et al., 1995; Ferveur andGreenspan, 1998). Yet
another study employed forced activation of neurons with an ac-
tivated form of a K channel, or forced inactivation with the synap-
tic blocker shibirets (shits), in brain regions defined by particular
Gal4 enhancer trap expressions, to elucidate brain sites respon-
sible for generating male courtship behavior (Broughton et al.,
2004). The results of these studies supported the pioneering
work by Hall (1979) by documenting the importance of the dorsal
posterior brain in initiating male courtship, while revealing
additional regions important for male performance of mating
behavior.
Although these studies collectively suggest that a few brain
areas play a pivotal role in initiating male sexual behavior, noth-
ing is known about the identity of neurons and their circuits in
these brain sites which are central to the generation of male
courtship behavior. The above-mentioned studies suffered
from a technical limitation in that their experimental manipula-
tions involved hundreds to thousands of neurons,making it prac-
tically impossible to evaluate the roles of single cells in the regu-
lation of behavior. To circumvent this problem, we decided to
employ the MARCM (mosaic analysis with a repressive cell
marker) method (Lee and Luo, 1999), which allowed us to sexu-
ally transform a few clonal groups of cells or even a single cell
and to specifically label such cells with a specific marker.Neuron 59, 759–769, September 11, 2008 ª2008 Elsevier Inc. 759
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a neural sex determination gene situated just downstream of
tra in the sex determination cascade (Usui-Aoki et al., 2000;
Baker et al., 2001). According to the prevailing view, fru functions
in parallel with another Tra target, doublesex (dsx) (Burtis and
Baker, 1989; Hoshijima et al., 1991). The male-specific Fru pro-
tein is expressed in small groups of neurons scattered through-
out the CNS of males, but not of females (Lee et al., 2000; Usui-
Aoki et al., 2000), although transcription of the fru gene occurs in
both sexes (Ito et al., 1996; Ryner et al., 1996). The fru gene has
been proposed to be the master control gene that directs the
organization of brain centers for sexual behavior (Demir and
Dickson, 2005; Manoli et al., 2005; Yamamoto, 2007), because
of its ability to cause an ‘‘inversion’’ of the gender role when
male-specific forms of its transcripts are expressed in females
by replacing the genomic fru gene with an engineered fru (Demir
and Dickson, 2005) and because of its loss-of-function mutant
phenotypes in males that are characterized by reduced levels
of courtship and an enhanced preference for males over females
as courtship targets (Ito et al., 1996; Ryner et al., 1996; Villella
et al., 1997). As some fru-expressing cells exhibit a remarkable
sexual dimorphism or are male specific (Kimura et al., 2005),
they are considered to be the most promising candidates for
neurons that determine gender-typed behaviors.
Assuming that there exist a few executive neurons that initiate
a series of courtship rituals as indicated by the aforementioned
results with mosaic flies, one can anticipate that even a female
fly performs male-typical behavior, provided that such neurons
are masculinized. In the present study, a few tra1 homozygous,
masculinized clones were generated by MARCM in the brains
of more than 200 female flies, the behavioral gender of which
were then determined, and the masculinized cells in their brains
were subsequently identified by a marker that is specifically ex-
pressed in tra1 homozygous cells. We identified a fru-expressing
cell cluster, P1, as an important neuronal element that can initiate
male-type courtship behavior. Interestingly, P1 is actively elimi-
nated in the female by DsxF, the female-specific Dsx isoform.
The male-specific Fru enables the male neurons to extend their
neurites toward the correct targets. The male-specific formation
of the P1 cluster with the ability to induce male-type courtship is
secured by dual control mechanisms involving two sex-determi-
nation proteins, Fru and Dsx.
RESULTS
Exhaustive Description of fru-Expressing Neurons
in the Brain
Fru-expressing neurons in the brain form discrete clusters that
have been classified into 15 groups (Lee et al., 2000). Basedon the projection and dendritic branching patterns of fru-
expressing neurons revealed by single-cell labeling with the
MARCM method (Lee and Luo, 1999) using a Gal4 reporter
inserted into the fru locus (fruNP21) (Kimura et al., 2005), we
were able to resolve and identify distinct groups of cells (Figure 1
and see Table S1 available online) that corresponded with the
fru-expressing neural clusters classified previously (Lee et al.,
2000). The total number of neurons with fruNP21 reporter expres-
sion, except for Kenyon cells of the mushroom body, is 480.4 ±
19.0 (mean ± SD per brain hemisphere, n = 5; Table S1) in males.
Eighty-two percent of the neurons (394.8 ± 12.9, per brain hemi-
sphere) labeled with the fruNP21 reporter expressed Fru, although
several clusters with fruNP21 reporter expression were not
stained with the anti-Fru antibody under our experimental condi-
tions (Table S1). Conversely, some Fru-expressing neurons in
our experiments were not labeled with the fruNP21 reporter, sug-
gesting that we did not see some of the neurons that were pres-
ent. Nevertheless, we chose to use fruNP21 to identify fru-positive
cells, because other reporters of fru were less accurate, for un-
known reasons, in monitoring endogenous fru expression (for
example, fruGal4 generated by Stockinger et al. [2005] expressed
Gal4 in 1041.5 cells per hemibrain on average, indicating that half
of the GAL4-positive cells do not express Fru endogenously).
Among the fru-expressing neurons that were labeled with the
fruNP21 reporter, at least two clusters (M and P1) were male spe-
cific (Table S1). Overt sexual dimorphism in the number of cells
composing a cluster was observed in the clusters aSP2, aSP3,
mAL, mcAL, P2, P4, and pL; males had significantly more cells
than females in these clusters (Figure 1 and Table S1). Some
neurons of other clusters may show sexual dimorphisms in their
fine structures, as reported recently in terminal arborization pat-
terns of AL3 (Datta et al., 2008). These sexually dimorphic and
sex-specific clusters are promising candidates for anatomical
substrates of neural centers that control male sexual behavior.
Identification of P1 as a Brain Site that Can Initiate
Male-Type Sexual Behavior
The intensity of courtship behavior can be quantified by calculat-
ing the courtship index (CI), which represents the percentage of
time that a fly spends in performing any one of a set of courtship
acts within a 30min observation period. In contrast to the control
females (CI = 0), tra1 homozygous females, in which sexually
dimorphic cells were entirely masculinized (Figures S1C and
S1D cf. S1A and S1B), exhibited high rates of courtship behavior
(CI = 69) comparable to those exhibited by wild-type males (CI =
78) (Table S2).
We generated small clonal patches of neurons that are homo-
zygous for tra1 and are thus masculinized in otherwise female
individuals (see Experimental Procedures). The masculinizedFigure 1. Exhaustive Identification of fru-Expressing Neurons
(A and C) fru-reporter expression in an adult male hemibrain doubly stained with the anti-GFP (green, fruNP21-reporter) antibody and nc82 Mab (magenta).
(B and D) Schematic representations of the location of identifiable cell clusters drawn on the basis of the stained preparations shown in (A) and (C), respectively.
Clusters located in the anterior brain (A and B) and posterior brain (C and D).
(E–G) MARCM clones with specific labeling by the fruNP21-driven reporter. fruNP21-labeled neurons with their somata (yellow arrowheads) in the anterior brain (E),
optic lobe (F), or posterior brain (G). The name of each cluster is indicated. The logic of nomenclature is given in the legend to Table S1. Embryos of the y hs-flp;
G13 UAS-mCD8-GFP/G13 tub-Gal80; fruNP21/+ genotype were heat-shocked at 37C for 20 min. More than 4000 flies were used to identify neurons labeled
by fruNP21.Neuron 59, 759–769, September 11, 2008 ª2008 Elsevier Inc. 761
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to an anti-Fru antibody and by GFP expression (Figures S1E–
S1G).
We estimated the courtship index (CI) in 205 tra1 mosaic fe-
males, each of which carried a few neural clusters that were
masculinized by tra1. The majority of these tra1 mosaic females
were ‘‘noncourters,’’ meaning they never showed any male-
type behaviors. However, 16 flies were ‘‘courters,’’ meaning
they did perform the early components of courtship, including
orientation, following, tapping, and briefly vibrating their wings
(Figure 2A and Movie S1). Although the courters initiated unilat-
eral wing vibration, they soon terminated it. Moreover, these
courters never displayed the advanced courtship steps such
as licking, attempted copulation, or copulation. We determined
which neuronal clusters were GFP positive (masculinized) or
GFP negative (nonmasculinized) in all 205 mosaic flies (Figures
2B–2D) and looked for a possible correlation between GFP ex-
Figure 2. Sexual Behavior Displayed by
Females with tra1 Homozygous Neurons
(A) Courtship bout exhibited by a tra1 mosaic fe-
male (red eyes) who followed a wild-type female
(white eyes) while extending one of her wings. Em-
bryos of the y hs-flp; G13 UAS-mCD8-GFP; tra1 ri
FRT2A fruNP21/ tub-Gal80 FRT2A genotype were
exposed to heat shock at 37C for 1 hr to induce
somatic recombination.
(B–D) Brains of three tra1mosaic females showing
male-type sexual behavior were doubly stained
with the anti-GFP antibody (green) and nc82 Mab
(magenta). The neurons derived from tra1 mutant
clones were labeled by GFP. In all three brains,
P1 neurons were labeled (circled).
(E) The frequency of female mosaic flies (the mas-
culinization rate, MR in %, abscissa) with mascu-
linized neurons in a given fru-expressing cluster
(the names of the clusters in the anterior brain
[left-hand graph] or posterior brain [right-hand
graph] are shown in ordinate) for courters (16
female mosaic flies that displayed male-type
courtship toward a target female; black bars) or
noncourters (189 female mosaic flies that did not
display male-type courtship toward a target fe-
male; white bars). The MR calculated for pooled
courters was higher than that for pooled noncourt-
ers, although the difference was statistically insig-
nificant in the t test (p > 0.05). Subsequently, the
significance of the difference in the MRs between
the courters and noncourters was evaluated by
the Fisher’s exact probability test for each neural
cluster on 2 3 2 matrices. A significant difference
between the courters and noncourters was found
only in theP1cluster (p<0.0001).Nosignificant dif-
ference was found in any other clusters (p > 0.01).
pression in a particular fru-positive clus-
ter and the occurrence of male-type
courtship behavior (Figure 2E). For each
cluster, the proportion of mosaic flies in
which that particular cluster was mascu-
linized and thus labeled with GFP (the
masculinization rate, MR) was estimated for the courters (black
bars in Figure 2E) and the noncourters (white bars in
Figure 2E). Given that ‘‘cluster X’’ is masculinized in 19 out of
189 noncourters (or courters), the MR is 10%. Among 48 fru-ex-
pressing clusters scored, all but P1 did not show a significant dif-
ference in MR between the courters and noncourters according
to Fisher’s exact probability test (p > 0.01; Figure 2E). A signifi-
cant difference between the courters and noncourters was found
only in the P1 cluster (Fisher’s exact probability test, p < 0.0001).
Thirteen out of sixteen courters had aGFP-positive P1 on at least
one side of the brain (Figures 2B–2D; Table S3). Ten tra1 mosaic
females showed CIs over 1.0 and all of them had a GFP-positive
P1 cluster (Table S3). These results indicate that those tra1 mo-
saic females with amasculinized P1 cluster have a high probabil-
ity of exhibiting courtship behavior. However, the masculiniza-
tion of P1 is not obligatory for exhibiting courtship behavior,
because nearly 20% of tra1 mosaic females showed courtship762 Neuron 59, 759–769, September 11, 2008 ª2008 Elsevier Inc.
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ences of P1 Neurons
(A and B) The P1 cluster was present in the male ([A], circled
with a solid line) but not the female ([B], circled with a broken
line) brain. An adult brain of the fly with the genotype of y hs-
flp; G13 UAS-mCD8-GFP; fruNP21/TM6B was doubly stained
with the anti-GFP antibody (green) and nc82 Mab (magenta).
(C) When three cell-death genes were removed owing to H99
deficiency in a MARCM clone, P1 neurons (circled) that are
generally absent from females were formed in the female
brain. P1 neurons are unambiguously identifiable based on
the unique shape of the primary neurite, which first runs
straight up dorsally and then bends anteroventrally. Embryos
of the y hs-flp/+; G13 UAS-mCD8-GFP/+; Df(3L)H99 FRT2A
fruNP21/tub-Gal80 FRT2A genotype were heat-shocked at
37C for 20 min to induce somatic recombination. The adult
females that emerged were sacrificed to dissect the brains,
which were then subjected to double staining with the
anti-GFP antibody (green) and nc82 Mab (magenta).
(D–F) AMARCM clone of P1, showing the localization of a pre-
synaptic marker synaptotagmin-HA in the neurons. Embryos
with the genotype of UAS-synaptotagmin-HA/Y; FRT G13
UAS-mCD8-GFP/ FRT G13 tub-Gal80; fruNP21/MKRS hs-flp were exposed to heat shock at 37C for 20 min to induce somatic recombination. The brains of
emerged adult males were stained triply with the anti-GFP antibody (green), anti-HA antibody (magenta), and nc82 Mab (gray). GFP expression (D), synaptotag-
min-HA expression (F), and their merged view (E) are illustrated. The somata are circled in (D).behavior without having a GFP-positive P1. Likewise, all tra1mo-
saic females with a GFP-positive (masculinized) P1 do not nec-
essarily display male-type courtship behavior, as 12 out of 189
tra1 mosaic flies that did not show any courtship behavior had
GFP-positive P1 clusters under our experimental conditions.
To further substantiate the role of the P1 cluster in initiating
male-type courtship behaviors, we made an attempt to condi-
tionally inactivate P1 neurons in courting males with the aid of
a temperature sensitive dominant-negative form of shibire (shits),
which blocks synaptic transmission at restrictive temperatures
above 29C while without effect at submissive temperatures be-
low 25C (Kitamoto, 2001). Male flies with MARCM clones ex-
pressing shits as driven by fruNP21 were classified into courters
or noncourters by observing their behavior when paired with
a virgin female at 30C. Subsequently, courtship assays were re-
peated at 20C for each mosaic male. In 34 out of 132 male flies
withMARCM clones, shitswas expressed in P1 unilaterally. Most
of them courted a target female in both permissive and restrictive
temperatures, although some of them showed a reduction in
courtship activities. We obtained two male flies carrying bilateral
P1 clones with shits expression. Both of them did not court at all
when the temperature was 30C and did court when the temper-
ature was returned to 20C. This implies that male courtship
behavior is not blocked unless P1 is bilaterally inhibited.
P1 Is Male Specific because Cell Death Removes
It in Females
P1 is a male-specific neuronal cluster in the dorsal posterior
brain, located mediolaterally to the mushroom body (Figures
3A, 3B, and 4A). It is composed of about 20 Fru-expressing neu-
rons (Table S1; see also Figures 5A–5E). P1 neurons extend a pri-
mary neurite anterodorsally, which ramifies extensively toward
the lateral and medial protocerebrum regions (Figures 3D–3F
and S2). A long prominent neurite crosses the midline throughthe anterosuperior medial protocerebrum, ending at the corre-
sponding contralateral region. The presynaptic marker synapto-
tagmin-HA is localized bilaterally on themedial side of the inferior
lateral protocerebrum and the ventral lateral protocerebrum in
addition to the region along the midline neurite, indicating that
these regions represent the output sites of P1. The ipsilateral
region of the ventrolateral and ventromedial protocerebrum is
likely an input site of P1.
We generated MARCM clones that are homozygous for the
H99 deficiency (White et al., 1994), in which three major cell
death genes, hid, grim and rpr,were deleted. In suchH99mosaic
females, GFP-positive cells corresponding to P1 were present
(Figure 3C), indicating that a cell death program operates to
remove the P1 cluster from the female brain.
Contributions of Fru and Dsx to the Male-Specific
Formation of P1
To determine whether P1 formation depends on Fru, the brains
of fru mutant males and fruM females (Demir and Dickson,
2005) were examined for the presence or absence of P1 (Fig-
ure 4). GFP-positive P1 was clearly observed in frumutant males
(fru XY; Figure 4A), whereas no P1 was found in fru-expressing
fruM females (fruM XX; Figure 4A), in which male-specific fru tran-
scripts are expressed via the fruM gene (Demir and Dickson,
2005). Because P1 is formed in tra1 homozygous females
(tra XX; Figure 4A), a gene downstream of tra other than fru
may be involved in the male-specific formation of P1. The most
promising candidate for the gene that plays this role is dsx
(Figure 4B). Indeed, P1 was formed in females when dsx func-
tions were entirely removed (dsx XX; Figure 4A), demonstrating
that the female-type Dsx protein (DsxF) is required for the
female-specific death of P1. The presence of the male-type
Dsx protein (DsxM) in females does not prevent P1 formation
(dsx/dsxD XX; Figure 4A). Note that females mutant for dsxNeuron 59, 759–769, September 11, 2008 ª2008 Elsevier Inc. 763
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(A) Presence (circled with a solid line) or absence (circled with a broken line) of P1 in male (XY) or female (XX) adult brains, doubly stained with the anti-GFP an-
tibody (green) and nc82 Mab (magenta) in wild-type and mutants of sex-determination genes (the simplified genotypes are indicated in the left-hand-most col-
umn). In control flies (wild-type), P1 was present only in males. In tra1 homozygotes (tra), P1 was formed in both sexes. The removal of fru (fru) or expression of
fruM (fruM) did not affect the presence of P1 inmales or the absence of P1 in females, although the number of P1 cells was reduced in frumale mutants. The loss of
Dsx (dsx) led to a reduction in the number of P1 cells in males and to the formation of P1 in females, although the number of cells produced was less than that in
males. The expression of DsxM via dsxD in the absence of DsxF (dsx/dsxD) had no effect in either males or females, in which P1was formed presumably because
of the absence of DsxF. This was verified by the result with dsx+/dsxD, in which dsxD had no effect on P1 formation in either sex. The presence (+) or absence () of
the respective proteins in the flies of each genotype is indicated.
(B) Schematic drawings of the sex-determination cascade with special reference to the differential activities of respective genes and proteins between the sexes.(dsx XX and dsx/dsxD XX; Figure 4A) that have P1 and do not
express Fru never exhibit courtship behavior (Taylor et al., 1994).
Also, males mutants for fru (fruNP21/frusat; null for sex-specific
functions) that have P1 (fru XY; Figure 4A) without Fru expres-
sion barely show courtship behavior (Kimura et al., 2005). The
loss of either DsxM or Fru results in a reduction in the number
of P1 cells (Table S4). Furthermore, the P1 neurite terminals in
the contralateral hemisphere consistently fail to turn ventrally in
males mutant for fru (Figure 6), suggesting that a disturbance
of P1 projection impairs courtship performance.
In the posterior brain, only two neuronal clusters are known to
express Dsx (Lee et al., 2002). As expected, Dsx was expressed
in P1 (Figures 5F–5J). In the tra1 mosaic females, GFP-positive764 Neuron 59, 759–769, September 11, 2008 ª2008 Elsevier Inc.P1 expressed both Fru and Dsx (Figures 5K–5O). P1 is therefore
a distinct neuronal cluster, the sexual differentiation of which
depends on two tra target genes, dsx and fru, and plays an
important role in initiating courtship behavior.
DISCUSSION
The Brain Site that Can Initiate Male-Type
Courtship Behavior
An effort at identifying the neural centers for specific acts in
courtship behavior was initiated by Hotta and Benzer (1976),
who inferred the foci for a variety of behavioral acts in the brain
by correlating the body surface markers or neural markers with
Neuron
Male-Specific Neurons that Can Initiate Courtshipthe incidence of each act in sexually mosaic flies (Hotta and
Benzer, 1972; for historical background, see Vosshall, 2007).
Hall (1979) generated female-male (XX-XO) mosaic flies that
were subjected tomating assays and then sacrificed, after which
their brain sections were stained with the Acph-1 enzymatic
marker to determine which parts of the brains of individual flies
were female and which parts male. In this classic work with gyn-
andromorphic flies, Hall (1979) reached the conclusion that the
flies perform the early part of courtship behavior when a specific
site located in the dorsal posterior brain is composed of male tis-
sues, at least on one side of the brain. This conclusion was sup-
ported by a study inwhich part of amale brainwas feminizedwith
tra+ (Ferveur and Greenspan, 1998). In addition, a cluster of cells
in the posterior lateral protocerebrumhas been suggested tome-
diate the initiation and early steps of male courtship by experi-
ments in which transgenes that either activated or suppressed
neural activities were focally expressed (Broughton et al., 2004).
In the present study, we succeeded in pinpointing a single neu-
ral cluster that plays an important role in initiating courtship by
large-scale screens of tra1 mosaic females for the ability to
perform male-typical behavior. The cluster is called P1, and is
located in close proximity to the mushroom body. It is intriguing
that P1 is located roughly in the area Hall (1979) assigned
as the focus of male-courtship. He showed that ‘‘SP3’’
Figure 5. Expression of Fru and DsxM in P1
(A–E) Expression of fruNP21GFP (A) and Fru (B) in themale pos-
terior brain (the genotype of the fly is y hs-flp; G13 UAS-
mCD8-GFP; fruNP21/TM6B) triply stained with anti-mCD8
(green), anti-Fru (magenta), and nc82 Mab (gray). The circled
region in (A) is enlarged in (C)–(E), in which GFP expression
(C) and Fru expression (E) are shown, and their images are
merged in (D). P1 neurons (circled in [C]) labeled by GFP
expressed Fru.
(F–J) Expression of fruNP21-GFP ([F], green) and DsxM ([G],
magenta) in the male posterior brain (the genotype of the fly
is y hs-flp; G13 UAS-mCD8-GFP; fruNP21/TM6B). Two
DsxM-positive cell clusters can be seen ([G], white arrows).
The circled region in (F) is enlarged in (H)–(J), in which GFP ex-
pression (H) and DsxM expression (J) are highlighted, and their
images are merged in (I). The P1 cells (circled in [H]) coex-
pressing DsxM and GFP intermingle with the cells expressing
only DsxM.
(K–O) The tra1 mutant P1 clone generated in the female brain
(the genotype of the fly is y hs-flp; G13 UAS-mCD8-GFP; tra1 ri
FRT2A fruNP21/ tub-Gal80 FRT2A). The circled region in (K) is enlarged in (L)–(O). The contour of the brain is drawn by the dotted line in (K). The P1 cells labeledwith
GFP ([L], green) expressed Fru ([M], red) and DsxM ([O], blue). The latter two images aremerged in (N). These observations indicate that a subpopulation of cells in
a DsxM-expressing clone represents Fru-positive P1.
Figure 6. Aberrant Neurite Branching of P1 Neurons in fru Mutants
(A and G) The entire structure of P1 neurons of wild-type (A) or frumutant male (G). The boxed regions in (A) and (G) are enlarged in (B) and (H), respectively. The
corresponding regions of three additional brains from wild-type (C–E) or frumutant (I–K) males are also shown. In wide-type male brains, the contralateral neurite
has arborizations above the mushroom body peduncle (indicated with asterisks), occasionally forming a short dorsal branch, while the primary neurite further
extends ventrally, then bifurcates near the peduncle (indicated with arrows in [B]–[E] and colored green in a schematic drawing in [F]). In fruNP21 mutant male
brains (H–K), the ventral branch terminates prematurely with no secondary bifurcation. In contrast, the dorsal branch frequently extends beyond the normal ter-
minal point, often producing a fine side branch that runs ventrally (indicated by an arrowhead in [H]–[K] and colored magenta in [L]). The genotypes of the mosaic
flies were y hs-flp/Y; G13 USA-mCD8-GFP/G13 tub-Gal80; fruNP21 /+ (A–E) and y hs-flp/Y; G13 USA-mCD8-GFP/G13 tub-Gal80; fruNP21/frusat (G–K). Embryos of
each genotype were heat-shocked at 37C for 20 min. The brains were stained with an anti-GFP (or anti-mCD8) antibody (green) and nc82Mab (magenta). The
soma of P1 is circled in (A) and (G). We examined more than 1000 wild-type brains, 8 of which bore a single-cell clone of P1. They all shared the branching pattern
shown in (F). We examined 198 frumutant brains and obtained 5 with P1 single-cell clones, which all revealed the aberrant branching pattern very similar to that
illustrated in (L).Neuron 59, 759–769, September 11, 2008 ª2008 Elsevier Inc. 765
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tion that Controls Courtship Behavior
The presumptive centers for sensory processing,
initiation of courtship (integration centers), and
output generation are illustrated for males (XY)
and females (XX). The primary information flow is
indicated by thick arrows. A secondary channel
of information flow that bypasses P1 is shown
with thin arrows. The visual, olfactory, gustatory,
and auditory cues emanating from females ro-
bustly initiate male-courtship behavior through
the primary pathway in wild-type males, while
the secondary pathway may initiate male-court-
ship without the involvement of P1 when this
pathway is strongly stimulated. In the wild-type fe-
males, courtship behavior is not initiated because
of the absence of P1, yet courtship behavior can
be generated through the secondary pathway un-
der certain conditions. The action of Fru in males
ensures male-specific formation of P1, whereas
DsxF functions to eliminate P1 from the female
brain.(‘‘supraoesophageal ganglioncortex site 3’’) is the ‘‘domineering’’
focus for the early steps of male-type courtship behavior, which
include tapping, following, and wing extension (Hall, 1979). To
perform the late steps of male-type courtship behavior, flies
need to have additional male tissues in other parts of the brain
(Hall, 1979). Further study with gynandromorphs led to the iden-
tification of ‘‘SP2’’ as a second focus for wing extension in male-
type courtship behavior (von Schilcher and Hall, 1979). Note that
‘‘SP2’’ and ‘‘SP3’’ of Hall (1979) and von Schilcher andHall (1979)
represent the posterior brain sites distinct from our aSP2 and
aSP3,which lie in the anterior brain (the nomenclature in the pres-
ent study is based on Lee et al. [2000] as described in Table S1).
Female mosaic flies with the masculinized P1 cluster showed
the early parts but not the late parts of male-type courtship, rem-
iniscent of the behavior displayed by gynandromorphic flies with
male ‘‘SP3’’ (Hall, 1979). Thus, these two groups of flies share
masculinized brain cells in a similar location and exhibit similar
behavioral characteristics. P1 neurons have an input site and
an output site in the lateral and medial protocerebra, to which
sensory information on different modalities is conveyed by
higher-order interneurons and from which descending interneu-
rons extend their axons tomotor centers in the brain and the ven-
tral nerve cord (Strausfeld, 1976). Although these structural fea-
tures imply a role for P1 in the integration of multiple sensory
inputs for the control of outputs for sexual behavior, this remains
speculation, as the physiological properties of these neurons
have not been characterized.
Dual Control of Sex-Specific Development of Single
Neurons by Fru and Dsx
Although the presence of P1 in the brain makes a fly more likely
to engage in courtship, flies without P1 are able to perform male
sexual behavior and other flies with P1 are not. This is not sur-
prising in light of recent findings that the female flies with DsxF
and devoid of Fru and DsxM perform male-type courtship be-
havior, provided that they are mutant for retained (Ditch et al.,766 Neuron 59, 759–769, September 11, 2008 ª2008 Elsevier Inc.2005; Shirangi et al., 2006; Shirangi and McKeown, 2007). This
may mean that entire motor patterns of male-type courtship be-
havior can be generated in the neural circuitry that is common to
both sexes. A recent study using light-activated ion channels to
stimulate fru-expressing neurons in the thoracic-abdominal gan-
glia reveals the presence of pattern-generating circuit for court-
ship song in both sexes (Clyne andMiesenbo¨ck, 2008). P1 might
function as a cluster of neurons that powerfully drive lower motor
centers, which are not necessarily sexually dimorphic by them-
selves, to generate male-type courtship behavior. It is envisaged
that male-sexual behavior is initiated by the activation of P1
under normal conditions in response to adequate key stimuli
(Figure 7), yet can be commenced by the lower motor centers
without any involvement of P1 neurons (Figure 7), when they
are somehow sensitized or disinhibited under the influence of
genetic or environmental factors (Ditch et al., 2005; Grosjean
et al., 2008). This may also explain why the fruM females are
less active than males in performing male-type courtship behav-
ior (Demir and Dickson, 2005). fruM females lack P1 neurons so
that they need additional drive to initiate male-type behavior.
P1 neurons require functioning dsx expression to acquire sex-
ual dimorphism: for example, DsxF contributes to the active
elimination of P1 from the female brain, thereby preventing the
females from behaving similarly tomales in a sexual context (Fig-
ure 7). There are, however, precedent cases in which both dsx
and fru are required for sexually dimorphic neural development,
i.e., serotonergic neurons that innervate the seminal glands of
males (Billeter et al., 2006) and a group of thoracic neurons
that are suspected to function in specifying the courtship song
(Rideout et al., 2007).
Both Sex-Specific and Non-Sex-Specific Neural Circuits
Generate Sex-Specific Behavior
It is plausible that the neural circuit underlying sexual behavior is
composed of three different neuronal species, namely, class 1
sex-specific or sexually dimorphic neuronswhose sex specificity
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Male-Specific Neurons that Can Initiate Courtshipis determined by the coordinated actions of dsx and fru, class 2
sex-specific or sexually dimorphic neuronswhose sex specificity
is determined by either dsx or fru, and class 3 neurons that show
no sex-related differences and do not express either dsx or fru.
The class 3 neurons likely form a circuit common to both sexes,
although this circuit is involved in the generation of male-specific
motor outputs for male-type sexual behavior (Figure 7). Because
of the presence of such a non-sex-specific circuit in the female
brain, female flies are able to exhibit male sexual behavior after
being genetically manipulated to possess male-specific P1 neu-
rons. A recent studywithmice deficient for pheromone sensation
has led to a similar hypothesis, i.e., functional neural circuits un-
derlyingmale-specific behavior exist in the normal femalemouse
brain (Kimchi et al., 2007).
The three classes of neurons defined above may interconnect
to form circuits that control different aspects of sexual behavior
(Figure 7). In fact, some of the olfactory pheromone receptor neu-
rons on the antenna express Fru (Kurtovic et al., 2007).Male-spe-
cific expression of a gustatory pheromone receptor in the foreleg
sensoryhairs isdsxdependentbut fru independent (BrayandAm-
rein, 2003). The sexually dimorphic mAL interneurons suspected
to be involved in the integration of pheromone inputs (Yamamoto,
2007) express Fru but not Dsx (Kimura et al., 2005; K.-i.K., unpub-
lished data). The P1 cluster can initiate male-type courtship be-
havior and can thus be placed on the highest rungof the neural hi-
erarchy. P1 is composed of class 1 neurons whose sex-specific
differentiation is governed by both dsx and fru and thus are under
the stringent control of the developmental program (Figure 7).
Alternatively, P1 may contribute to one of several neural path-
ways, each with the potential to initiate male-type courtship be-
havior. It is worth examining whether or not this behavior can be
elicited by the selective activation of individual neural clusters
with the aid of photosensitive tools such as channelrhodopsins
(Schroll et al., 2006; Suh et al., 2007) or the ionotropic purinocep-
tor P2X2 (Lima and Miesenbo¨ck, 2005), both of which are
expressed only in a small MARCM clone in the brain.
EXPERIMENTAL PROCEDURES
Fly Strains and Clonal Analysis
Flies were reared on cornmeal-yeast medium at 25C under constant illumina-
tion. We used a fruNP21-Gal4 line to label the fru-expressing neurons (Kimura
et al., 2005). Somatic clones were produced using the MARCM method (Lee
and Luo, 1999). Embryos were collected within 24 hr of egg laying and were
heat-shocked at 37C for 20 or 60 min.
For the mapping of clusters of fru-expressing neurons (see Figure 1 and
Table S1), we used flies of the y hs-flp; G13 UAS-mCD8-GFP; fruNP21/TM6B
genotype. To label each cluster of fru-expressing neurons, embryos of the y
hs-flp; G13 UAS-mCD8-GFP/G13 tub-Gal80; fruNP21/+ genotype were heat-
shocked at 37C for 20 min and reared at 25C until adult emergence. More
than 4000 flies were used to identify neurons labeled by fruNP21.
To examine the effects of mutations of sex determination genes on behavior
(see Table S2), on formation of male-specific P1 neurons (see Figures 3A, 3B,
and 4A and Table S4) and on expression of Fru andDsxM (see Figure S1A–S1D
and 5A–5J), the following lines were used: y hs-flp; G13 UAS-mCD8-GFP;
fruNP21/TM6B and y hs-flp; G13 UAS-mCD8-GFP; tra1 ri FRT2A fruNP21/
TM6B as the wild-types, y hs-flp/+; G13 UAS-mCD8-GFP/+; tra1 ri FRT2A
fruNP21/st tra1 as the tra mutant, y hs-flp/+; G13 UAS-mCD8-GFP/+; fruNP21/
frusat and y hs-flp/+; G13 UAS-mCD8-GFP/+; fruNP21/fruM as the fru mutants,
and y/BSY; UAS-mCD8-GFP/+; Df(3R)dsx15 fruNP21/dsx23, +/BSY; UAS-
mCD8-GFP/+; Df(3R)dsx15 fruNP21/dsxD and +/BSY; UAS-mCD8-GFP/+;fruNP21/dsxD as the dsxmutants. To compare the projection pattern of P1 neu-
rons in wild-type flies and in frumutants (see Figure 6), embryos of the y hs-flp/
Y; G13 UAS-mCD8-GFP/G13 tub-Gal80; fruNP21/+ genotype and the y hs-flp/
Y; G13 UAS-mCD8-GFP/G13 tub-Gal80; fruNP21/frusat genotype, respectively,
were heat-shocked at 37C for 20 min.
For the production of tramutant mosaics (see Figures S1E–S1G, 2, and 5K–
5O), embryos of the y hs-flp/w; G13 UAS-mCD8-GFP; tra1 ri FRT2A fruNP21/
tub-Gal80 FRT2A genotype were exposed to heat shock at 37C for 1 hr to in-
duce somatic recombination. For conditional inhibition of synaptic transmis-
sion in a small number of neurons, MARCM clones were generated in flies of
hs-flp/Y; G13 UAS-mCD8-GFP/G13 tub-Gal80; fruNP21/UAS-shits by heat-
shocking their embryos at 37C for 1 hr. We used synaptotagmin-HA as
a marker for presynaptic termini (see Figures 3D–3F and S2). Embryos of
UAS-synaptotagmin-HA/Y; FRT G13 UAS-mCD8-GFP/ FRT G13 tub-Gal80;
fruNP21/MKRS hs-flp were exposed to heat shock at 37C for 20 min. To
make clones of H99 deficiency (see Figure 3C), embryos of the y hs-flp/+;
G13 UAS-mCD8-GFP/+; Df(3L)H99 FRT2A fruNP21/ tub-Gal80 FRT2A geno-
type were heat-shocked at 37C for 20 min to induce somatic recombination.
CNS Dissection, Immunohistochemistry, and Imaging
Adult brains were dissected after eclosion. Fixation and immunohistochemical
staining were carried out as described previously (Kimura et al., 2005) using
the following antibodies and dilutions: anti-Fru antibodies (Male-2 or MO5,
1:500), rabbit polyclonal anti-GFP (1:1,000; Molecular Probes, Eugene, OR),
mouse monoclonal nc82 (1:200; a gift from A. Hofbauer), rat polyclonal anti-
mCD8 (1:1000; Caltag, Burlingame, CA), rat monoclonal anti-HA (1:1,000;
Roche, Mannheim, Germany), rat polyclonal anti-DsxM (1:500, a gift from
B. Oliver; Hempel and Oliver, 2007), Cy2-conjugated goat anti-mouse IgG
(1:200), Cy2-conjugated goat anti-rabbit IgG (1:1,000), Cy2-conjugated goat
anti-rat IgG (1:1,000), Cy3-conjugated goat anti-mouse IgG (1:1,000), Cy3-
conjugated goat anti-rat IgG (1:1,000), Cy5-conjugated goat anti-rabbit IgG
(1:1,000) (Jackson Immuno-Research, West Grove, PA), and Alexa 647-conju-
gated goat anti-rat IgG (1:1,000; Molecular Probes). Stacks of optical sections
at 1 or 2 mmwere obtained with an Olympus FV300 confocal microscope using
FLUOVIEW software or Leica TCS SPE using LAS.AF software, and processed
with Adobe Photoshop.
Analysis of Courtship Behavior
The flies to be tested were reared individually in vials under a 12 hr:12 hr light:-
dark cycle, and aged for 4–6 days after eclosion. For courtship assays, a fly of
each genotype was placed in a small chamber with a w/w virgin female 4–6
days after eclosion, and their behavior was recorded on a DVD for 30 min.
The courtship index (CI) was calculated as the percentage of time spent on
courting, including following, tapping, wing extension, and attempted copula-
tion over a 30 min observation period. We extended the observation period to
30min from the standard 10min and repeated the test three times in 3 succes-
sive days, so as to minimize the risk of overlooking a fly that had the ability to
court but that failed to do so in a single short test period.
For the courtship assay in tra1mosaic females, the CI of each individual was
estimated for 3 consecutive days (4, 5, and 6 days after eclosion). The average
of these three CIs and themaximumCI obtained for each fly are shown in Table
S3. After the behavioral assay, we immunohistochemically examined the label-
ing of masculinized fruNP21Gal4-positive cells. In total, 205 female mosaic flies
were analyzed.
In the experiment to inhibit synaptic transmission with shits in the MARCM
clone patches during male courtship, the mating chamber was placed on
a thermal cycler for temperature control. A 5- to 7-day-old male with mosaic
clones was placed together with a 2-day-old virgin female in the chamber at
30C, at which the intensity of male courtship was evaluated based on obser-
vation for 10 min. Then, the chamber temperature was decreased to 20C, at
which male courtship activity was estimated, based on observation for 10 min.
SUPPLEMENTAL DATA
The Supplemental Data include two figures, four tables, and one movie and
can be found with this article online at http://www.neuron.org/cgi/content/
full/59/5/759/DC1/.Neuron 59, 759–769, September 11, 2008 ª2008 Elsevier Inc. 767
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